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Introduction {#sec1}
============

The formation of the first hematopoietic stem cells (HSCs) in the aorta-gonad-mesonephros (AGM) region of the mouse embryo is considered a stepwise maturation process of precursor cells from hemogenic endothelial cells (HECs) to HSCs through intermediate stages ([@bib9]). At embryonic day 10.5 (E10.5), these intermediate precursors of HSCs (referred to as pre-HSCs) are included in the CD45^−^VE-cadherin(VC)^+^KIT^+^ population (type I pre-HSCs) and acquire adult-repopulating ability only after *ex vivo* aggregation cultures with OP9 cells or co-culture with either Akt-expressing endothelial cells (AGM-ECs) or delta-like-1-expressing OP9 cells ([@bib11], [@bib18], [@bib21]). At E11.5, adult-repopulating ability is detected in the CD45^+^VC^+^KIT^+^ population (type II pre-HSCs) at a low frequency, but becomes efficient following the *ex vivo* cultures indicated above. Therefore, these *ex vivo* cultures are thought to reflect the maturation process *in vivo*, whereby pre-HSCs become HSCs, rapidly expand, and subsequently seed the fetal liver (FL) at E12.5.

Separately, neonatal-repopulating HSCs have been identified as early as E9 in both the yolk sac (YS) and para-aortic splanchnopleura (P-Sp, referred to as AGM after E10) region, as specific HSCs that can engraft only in preconditioned neonatal mice, but not in adult mice. The residual fetal environment in the neonatal liver is considered to be permissive for engraftment of embryonic hematopoietic precursors ([@bib1], [@bib19]). E10.5 CD45^−^VC^+^ cells are reported to engraft in SCID neonates (although at very low chimerism) ([@bib6]). Thus, type I pre-HSCs and neonatal-repopulating HSCs are overlapping populations, and neonatal mice provide a powerful tool to evaluate the repopulating capacity of freshly isolated embryonic hematopoietic precursors by direct transplantation assays.

Prior to HSC emergence in the AGM region at E10--E11, lymphoid potential is detected in the YS and P-Sp region. We found that B progenitors derived from HECs in the E9 YS and P-Sp *in vitro* culture provide peritoneal B-1 and splenic marginal zone (MZ) B cell engraftment (but not B-2 cell) upon transplantation into NOD/SCID/Il2rγc^−/−^ (NSG) neonates ([@bib20]). B-1 cells are a unique innate-like B cell subset separated from conventional HSC-derived adoptive B (B-2) cells, arise during embryonic development, and play important roles in the first line of defense by secreting natural antibodies ([@bib12], [@bib13]). MZ B cells belong to the B-2 lineage, but a part of MZ B cells are fetal derived ([@bib5], [@bib20]). The origin of CD5^+^ B-1a cells has been controversial because highly purified long-term (LT)-HSCs in the E15 FL and adult bone marrow (BM) failed to repopulate the peritoneal B-1a cells ([@bib8], [@bib7]), whereas a barcoding study indicated that B-1a cells were produced by E14 FL HSC transplantation ([@bib16]). However, it is commonly observed that FL LT-HSCs produce mainly B-2 cells upon transplantation, although the FL is a major source of B-1a cells. This discrepancy suggests that the B-1a precursors residing in the FL are not produced by LT-HSCs but by precursors at earlier embryonic stages. Accordingly, we reported the presence of an HSC-independent developmental pathway of B-1a cells in an HSC-deficient mouse model ([@bib15]). Thus, it remains unresolved whether B-1a cells are produced by HSCs at the fetal stage. Because FL LT-HSCs produce mainly B-2 cells, it is assumed that pre-HSCs and the first HSCs in the AGM region are also B-2 biased.

Our group demonstrated that single pre-HSCs derived from E9.5--E11.5 P-Sp/AGM region, following co-culture with AGM-ECs, provide multilineage engraftment including both B-1a and B-2 cells in lethally irradiated mice ([@bib10]). These data suggested that B-1a cells and HSCs had a shared clonal origin from E9.5--E11 pre-HSCs. However, previous studies of type I pre-HSCs relied upon *ex vivo* co-cultures to evaluate their adult-repopulating ability. Therefore, it remains unknown whether freshly isolated pre-HSCs have the inherent ability to produce both B-1a repopulating cells and multipotent HSCs (with or without B-1a cell potential) or alternatively acquire these abilities subsequent to their maturation to HSCs.

To address this specific question, we examined the hematopoietic activity of freshly isolated E10.5 CD45^−^VC^+^KIT^+^ cells (hereafter referred to as V^+^K^+^ cells) by transplantation assays into NSG neonates. Surprisingly, highly purified endothelial protein C receptor (EPCR)^hi^V^+^K^+^ cells did not display multilineage repopulating ability but B-1-biased repopulating ability. Moreover, the EPCR^hi^V^+^K^+^ population obtained B-2 progenitor colony-forming ability following co-culture with AGM-ECs, whereas it originally had an exclusive B-1 progenitor colony-forming ability. Based on these results, we conclude that E10.5 V^+^K^+^ cells natively possess B-1-biased repopulating capacity and gain B-2 progenitor potential upon their maturation to adult-engrafting HSCs.

Results {#sec2}
=======

E10.5 V^+^K^+^ Population Contains B-1-Biased and Multilineage Repopulating Cells in Immunodeficient Neonates {#sec2.1}
-------------------------------------------------------------------------------------------------------------

The E10.5 V^+^K^+^ population containing pre-HSCs rarely engrafts in lethally irradiated adult mice when transplanted directly ([@bib18]). Because neonatal mice provide a more permissive environment for hematopoietic reconstitution by embryo-derived cells ([@bib1], [@bib19], [@bib20]), the V^+^K^+^ cells (CD117^+^CD144^+^cells) isolated from the E10.5 AGM region were injected into sublethally irradiated NSG neonates to assess their direct engraftment potential (1.8 embryo equivalent \[e.e.\] to 10 e.e.) ([Figure 1](#fig1){ref-type="fig"}A). Additional surface markers were used to refine the identity of the population, including CD41, CD43, CD11a, and EPCR ([Table S1](#mmc1){ref-type="supplementary-material"} and [Figure S1](#mmc1){ref-type="supplementary-material"}A) ([@bib3], [@bib10], [@bib14], [@bib21]). The donor cell percentage and lineage contributions in the peripheral blood (PB) were assessed at 16-weeks post transplantation ([Figures 1](#fig1){ref-type="fig"}B and [S1](#mmc1){ref-type="supplementary-material"}B). Among the total of 30 recipient mice, donor cells were detected in the PB of 11 mice. Seven mice exhibited multilineage repopulation (T, B, and myeloid cells) and four mice showed T cell-dominant repopulation in the PB. Multilineage repopulation included T cells and all subsets of B cells, including B-2 and B-1 cells in the peritoneal cavity ([Figures 1](#fig1){ref-type="fig"}C and [S1](#mmc1){ref-type="supplementary-material"}C) and follicular (FO) and MZ B cells in the spleen ([Figures 1](#fig1){ref-type="fig"}D and [S1](#mmc1){ref-type="supplementary-material"}E). Multilineage engraftment was also confirmed in the recipient BM and spleen ([Figures 1](#fig1){ref-type="fig"}D, 1E, and [S1](#mmc1){ref-type="supplementary-material"}D). Importantly, the thymus was reconstituted in six out of seven recipients with multilineage repopulation ([Figure 1](#fig1){ref-type="fig"}F). Donor cells in the repopulated thymus included CD4, CD8 single-positive, double-positive, and double-negative (DN) populations including DN1 to DN4 ([Figure 1](#fig1){ref-type="fig"}G). Surprisingly, four mice showing T cell-dominant repopulation in the PB displayed donor-derived peritoneal B-1 and splenic MZ B cells but not FO B (B-2) cells (T + B-1 + MZ repopulation) ([Figures 1](#fig1){ref-type="fig"}B--1D and [S1](#mmc1){ref-type="supplementary-material"}B--S1E). Only one out of four NSG mice with T + B-1 + MZ repopulation had a reconstituted thymus. Furthermore, in seven recipient mice with no donor cells in the PB, donor-derived peritoneal B-1 and splenic MZ B cells, but not FO B cells, were detected ([Figures 1](#fig1){ref-type="fig"}B--1D and [S1](#mmc1){ref-type="supplementary-material"}B--S1E). Thus, the E10.5 AGM V^+^K^+^ cells contained three types of repopulating cells: multilineage, T + B-1(+MZ)-biased, and B-1 + MZ-biased, suggesting inherent heterogeneity in this population known to contain pre-HSCs. Importantly, this study identified the earliest transplantable B-1a precursors by direct transplantation; however, this approach did not distinguish whether multilineage repopulation including peritoneal B-1a cells was derived from a single precursor cell or two or more distinct precursors (such as multilineage pre-HSCs lacking B-1a potential and B-1-biased pre-HSCs), as recipients received ≥1.8 e.e. donor cells ([Table S1](#mmc1){ref-type="supplementary-material"}).Figure 1Pre-HSCs Displayed a Diversity of Hematopoietic Repopulating Ability in the NSG Neonates(A--E) Fluorescence-activated cell sorting (FACS) plots (A) for gating of PI^−^TER119^−^CD45^−^CD144(VE-cadherin, VC)^+^KIT(CD117)^+^ (V^+^K^+^) population from E10.5 AGM. The V^+^K^+^ population plots are representative of more than 10 experiments. E10.5 AGM donor-derived cell percentage and lineages in the recipient peripheral blood (PB) (B), peritoneal cells (C), spleen (D), and BM (E) are depicted.(F) Cell number in the thymus of non-transplanted BL/6 (BL/6, n = 6) and NSG mice with multilineage reconstitution by E10.5 V^+^K^+^ cells (recipient NSG, n = 6).(G--K) AGM pre-HSC-derived T cells in the recipient thymus (G) are shown. Representative FACS plots are depicted among six thymus-repopulated mice. E10.5 YS donor-derived percentage and lineages in the recipient PB (H), peritoneal cells (I), spleen (J), and BM (K) are depicted. All the hematopoietic tissues of recipient mice were analyzed at 4--6 months after transplantation.Reconstituted cell population (Multi, T + B-1, B-1 + MZ) is depicted in each graph based on the overall results.

The V^+^K^+^ Population in the E10.5 YS Also Contains B-1-Biased and Multilineage Neonatal-Repopulating Cells {#sec2.2}
-------------------------------------------------------------------------------------------------------------

The V^+^K^+^ cells sorted from E10.5 YS (2.8 e.e. to 10 e.e.) was also injected into sublethally irradiated NSG neonates ([Table S1](#mmc1){ref-type="supplementary-material"}). Among the total of 23 recipient mice, donor-derived cells were detected in the PB of four mice at 16 weeks post transplantation ([Figure 1](#fig1){ref-type="fig"}H). Only one mouse exhibited multilineage repopulation (mouse \#58), and three mice displayed T cell-dominant engraftment (mouse \#52, 57, 90) ([Figure 1](#fig1){ref-type="fig"}H). The mouse exhibiting multilineage repopulation in the PB harbored donor-derived T cells, dominant B-2 cells, and relatively fewer B-1 cells in the peritoneal cavity ([Figure 1](#fig1){ref-type="fig"}I), and predominant FO B cells in the spleen ([Figure 1](#fig1){ref-type="fig"}J). Mice with T-dominant repopulation harbored peritoneal B-1 cells and splenic MZ B cells, but very few B-2 cells ([Figures 1](#fig1){ref-type="fig"}I and 1J). Among the mice with no donor cells in the PB, six mice exhibited only B-1 and MZ B cell repopulation in the peritoneal cavity and spleen. Thus, similar to the AGM, the YS-derived V^+^K^+^ cells also contained multilineage, T + B-1 + MZ-biased, and B-1 + MZ-biased repopulating cells.

The V^+^K^+^ Population Contains More B-1-Biased Repopulating Cells Than Multilineage Neonatal-Repopulating Cells {#sec2.3}
-----------------------------------------------------------------------------------------------------------------

Limiting dilution analysis calculated the frequency of multilineage repopulating cells among V^+^K^+^CD41^+^ cells as 1 out of 10.1 e.e. in the E10.5 AGM, whereas B-1a cells were repopulated in all recipient mice by this cell population even when only 2.3 e.e. was injected ([Figure 2](#fig2){ref-type="fig"}A and [Table S1](#mmc1){ref-type="supplementary-material"}). EPCR, which greatly enriches for pre-HSC activity ([@bib10], [@bib21]), was included as an additional marker to examine the frequency of B-1 and multilineage repopulating cells in the enriched population; ten EPCR^hi^CD41^dim^V^+^K^+^ cells from E10.5 AGM were injected into sublethally irradiated NSG neonates ([Figure 2](#fig2){ref-type="fig"}B). Although no multilineage engraftment was observed, donor-derived peritoneal B-1 and splenic MZ B cells were present in two of five recipient mice at 4 months post transplantation ([Figures 2](#fig2){ref-type="fig"}C--2E). This result indicates that the main population among EPCR^hi^CD41^dim^V^+^K^+^ cells was B-1-biased repopulating cells.Figure 2The B-1-Biased Repopulating Cells Are the Main Population among the E10.5 AGM V^+^K^+^ Population(A) Frequency of multilineage repopulating cells was calculated based on limiting dilution analysis. The number of mice transplanted with CD41^dim^V^+^K^+^ cells was counted for the analysis.(B--G) Gating strategy of EPCR^hi^CD45^−^CD117(KIT)^+^CD144(VC)^+^CD41^dim^ (EPCR^hi^VK^+^CD41^dim^) cells from E10.5 AGM (B). Ten EPCR^hi^VK^+^CD41^dim^ cells were transplanted into five NSG neonates. No donor cells were detected in the PB of three mice, but a small percentage of donor-derived B cells was detected in the PB in two recipient mice at 4 months after transplantation (C). In these two mice, the peritoneal B-1 cells and splenic MZ B cells were well repopulated while no other lineages were detected (D and E). Percentage of each B cell subset among immunoglobulin M (IgM)^+^ B cells in the peritoneal cavity (F) and spleen (G) of recipient NSG mice at 6 months post transplantation with E10.5 AGM V^+^K^+^ cells (shown as pre-HSCs) (n = 10), E15 FL LT-HSCs (n = 3), and MPP (n = 3). ^∗^p \< 0.05, ^∗∗^p \< 0.01.

We also compared the B cell subsets repopulated by highly purified E15 FL LT-HSCs (defined as CD150^+^CD48^−^lin^−^SCA1^+^KIT^+^ cells) and multipotent progenitors (MPPs) (CD150^−^CD48^+^lin^−^ SCA1^+^KIT ^+^ cells) transplanted into NSG neonates ([Figure S2](#mmc1){ref-type="supplementary-material"}A). As reported by [@bib7], we confirmed that E15 FL LT-HSCs predominantly repopulated B-2 cells and a very low percentage of B-1a cells while MPPs repopulated both B-1a and B-2 cells ([Figures 2](#fig2){ref-type="fig"}F, 2G, [S2](#mmc1){ref-type="supplementary-material"}B, and S2C).

Taken together, these data indicated that when assayed by direct neonatal transplantation with limiting cell numbers, the EPCR^hi^CD41^dim^V^+^K^+^ population harbored exclusive B-1-biased repopulating capacity rather than multilineage repopulating capacity, revealing an unexpected lineage bias of pre-HSCs that is distinct from the FL LT-HSCs, which are the functionally mature progeny of pre-HSCs. These findings suggest that a critical component of the maturation of pre-HSCs to LT-HSCs may involve the acquisition of B-2 lymphoid and multilineage repopulation capacity.

HSC-Specific Genes Are Rarely Expressed in the V^+^K^+^ Cells at a Single-Cell Level {#sec2.4}
------------------------------------------------------------------------------------

Since the frequency of multilineage repopulating cells among the V^+^K^+^ population by direct neonatal transplantation assays was extremely low in our results, we sought to examine whether this observation corresponds with hematopoietic specific gene expression profiles at the single-cell level. We utilized single-cell RNA-sequencing (scRNA-seq) data ([@bib2]) (downloaded from GEO: [GSE112642](ncbi-geo:GSE112642){#intref0010}) derived from E10 intra-aortic hematopoietic clusters (IAHCs: KIT^+^, CD31^+^, *Gpr56*^+^) and endothelial-hematopoietic transition cells (EHTs: CDH5^+^, *Gfi1*^+^, KIT^+^), which include pre-HSCs that overlap with the E10.5 V^+^K^+^ cells in our study based on common cell-surface markers. t-SNE (t-Distributed stochastic neighbor embedding) analysis of these two populations demonstrated mapping similar to that reported by [@bib2]; further analysis using RaceID3, a computational algorithm to identify rare cell types, found five main clusters among the IAHC and EHT populations ([Figure S3](#mmc1){ref-type="supplementary-material"}). In our analysis, cluster 3 was enriched with essential genes associated with pre-HSC markers including *Cdh5*, *Pecam1*, and hematopoiesis/HSC-generation including *Mecom* (*Evi1*) and *Vwf* ([Table S2](#mmc2){ref-type="supplementary-material"}). However, HSC-specific genes including *Hoxb5*, *Fgd5*, and *Pdzk1ip1* were only expressed in a few cells and not co-expressed in the same cell ([Figure S3](#mmc1){ref-type="supplementary-material"}). These data are consistent with the very low frequency of neonatal-repopulating cells among the V^+^K^+^ population. Of note, there are caveats; HSC-specific genes are not always highly expressed in HSCs and due to the limitation of the read counts in scRNA-seq analysis, no or low expression of a gene does not mean that the cell does not express the gene at all. Therefore, there may be missing cells that express HSC-specific genes, which were not detected in this analysis.

AGM-EC Co-culture Enhances B-2 Potential from the B-1-Biased Population {#sec2.5}
-----------------------------------------------------------------------

Although our current studies demonstrated that the V^+^K^+^ population contained predominantly B-1-biased repopulating cells, our group demonstrated that single pre-HSCs after AGM-EC co-culture produced both B-1a and B-2 lymphocyte engrafting cells upon transplantation ([@bib10]). Therefore, we hypothesized that during their maturation to HSCs in AGM-EC co-culture, B1-biased pre-HSCs gain B-2 potential. To test this hypothesis, we examined clonal B-1 and B-2 progenitor production from the E10.5 EPCR^hi^V^+^K^+^ cells *in vitro*, utilizing a modified semisolid methylcellulose (MTC) culture ([@bib17]) ([Figure 3](#fig3){ref-type="fig"}A). B-1- or B-2-specific progenitors are identified as AA4.1^+^CD19^+^B220^lo-neg^ and AA4.1^+^CD19^−^B220^+^ cells, respectively, by cell-surface markers of the colonies in the MTC culture ([Figure 3](#fig3){ref-type="fig"}B). First, freshly isolated EPCR^high^V^+^K^+^ cells from E10.5 AGM were confirmed to form almost exclusively B-1 progenitor colonies ([Figures 3](#fig3){ref-type="fig"}B and 3C). Next, the EPCR^hi^V^+^K^+^ cells were co-cultured with either OP9 cells or AGM-ECs for 5 days, and CD11b^−^CD45^+^ cells were sorted and replated in the MTC culture with OP9 cells ([Figure 3](#fig3){ref-type="fig"}A). While the EPCR^hi^V^+^K^+^ cells co-cultured with OP9 cells formed primarily B-1 progenitor colonies, the same population co-cultured with AGM-ECs produced significantly more colonies containing both B-1 and B-2 progenitors than colonies containing only B-1 progenitors ([Figures 3](#fig3){ref-type="fig"}B and 3C). This result suggested that the B-1-biased precursors acquired B-2 progenitor potential after AGM-EC co-culture. This is consistent with our current and previous transplantation data showing that freshly isolated V^+^K^+^ cells repopulate primarily B-1 cells in the immunodeficient neonates, while AGM-EC co-culture endows single V^+^K^+^ cells with multilineage repopulating ability, including both B-1a and B-2 cells in adult recipients. Taken together, our study supports a model in which the acquisition of B-2 potential corresponds with the maturation of B-1-biased pre-HSCs to multilineage adult-repopulating HSCs ([Figure 4](#fig4){ref-type="fig"}).Figure 3B-1-Biased V^+^K^+^ Cells Gain B-2 Potential following *In Vitro* Co-culture with AGM-EC(A) Experimental procedure for B cell colony-forming assays. E10.5 V^+^K^+^ population was plated into methylcellulose (MTC) (Methocult) with 1 × 10^5^ OP9 cells directly or after co-culture with OP9 or AGM-EC for 5 days. Eight to 11 days after initiating MTC culture the colony number was counted, and each colony was picked up for FACS analysis.(B) Representative colony FACS plots and colony photos. Adult BM FACS plot (left) represents lin^−^IgM^−^AA4.1^+^ gated B progenitors from freshly isolated BM cells. Scale bars, 200 μm.(C) Ratio of only B-1 progenitor colonies and B-1 + B-2 progenitor colonies to total colonies of pre-HSCs after co-culture with OP9 or AGM-EC. Colony assays were performed in triplicates for each culture condition, and repeated three times. ^∗∗^p \< 0.01; ns, not significant.Figure 4Hemogenic Endothelial Cell Transition through B-1-Biased State to Become HSCs (Working Model)A full explanation is provided in the main text. MPP, multipotent progenitors.

Discussion {#sec3}
==========

In the present study, we demonstrated the unexpected presence of predominant B-1- and MZ B-biased (and occasionally T-biased) repopulating cells in the E10.5 V^+^K^+^ population. Rare neonatal multilineage repopulating cells are detectable, as might be expected from a maturing HSC precursor. Furthermore, the EPCR^hi^V^+^K^+^ cells, which are highly enriched with pre-HSC activity, displayed exclusive B-1 progenitor colony-forming ability *in vitro* and B-1-biased repopulating activity *in vivo* when transplanted at limiting numbers. Conversely, this population after co-culture with AGM-EC showed B-1 + B-2 progenitor colony-forming activity *in vitro* and adult multilineage repopulating activity *in vivo* ([@bib10]). These results led us to propose a model in which E10.5 pre-HSCs innately possess B-1-biased repopulating capacity that may represent a "snapshot" of the developmental process of pre-HSC maturation to adult-repopulating HSCs with B-2 potential *in vivo* ([Figure 4](#fig4){ref-type="fig"}).

In agreement with a previous report ([@bib7]), we confirmed that E15 FL LT-HSCs failed to efficiently repopulate B-1a cells, whereas a recent barcoding study showed E14 FL HSC-derived B-1a cells ([@bib16]). One scenario to reconcile these findings is that the first HSCs retain the B-1a-producing ability inherent to pre-HSCs, but gradually lose it upon acquisition of B-2 and HSC potential. Alternatively, FL HSCs with B-1a potential derived from B-1-biased pre-HSCs may represent the "developmentally restricted HSCs" reported by [@bib4], distinct from adult HSCs. Given assay limitations, we cannot entirely exclude the possibility that B-1-biased precursors at E10.5 and multilineage repopulating HSCs at later stages represent distinct populations derived from separate lineages. Clarification of the relationship between HSCs and B-1a cells will require *in vivo* clonal assays and B-1-specific lineage tracing.

In summary, we demonstrated that the E10.5 V^+^K^+^ cells are a heterogeneous population containing three types of repopulating cells (multilineage, T + B-1 + MZ, and only B-1 + MZ), and that the earliest B-1- and MZ-biased (and T-biased) repopulating cells are the main population. It would be important to identify cell-surface markers to segregate these precursor populations. Additionally, because B-2 and thymic repopulation are essential aspects of HSC engraftment, acquisition of B-2 potential may be a critical and defining step in the development of pre-HSCs to adult-repopulating HSCs. Further in-depth analysis of the transcriptional and epigenetic properties of the V^+^K^+^ population at the single-cell level will be required to identify the molecular mechanisms mediating this heterogeneity in inherent repopulation capacity during the transition from a B-1-biased to a B-2/multilineage state.

Experimental Procedures {#sec4}
=======================

Mice {#sec4.1}
----

C57BL/6 and NSG mice were used for timed pregnancy, as donors and recipients, respectively. Embryo age was also confirmed by counting the somite numbers. All the mice were maintained in specific pathogen-free conditions at the University of Texas Health Science Center at Houston, following approved IACUC protocols.

Cell Preparation and Cell Sorting {#sec4.2}
---------------------------------

YS and AGM tissues were dissected and digested in 0.25% collagenase (STEMCELL Technologies) for 30 min at 37°C, followed by addition of cell dissociation buffer (Life Technologies) and preparation of a single-cell suspension. For FL LT-HSCs and MPPs, FL was harvested and made into a single-cell suspension. Mononuclear cells were collected after centrifugation on Histopaque (Sigma) at 1,500 rpm for 30 min. Cell number was counted with trypan blue and cells were stained with the antibodies for fluorescence-activated cell sorting ([Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}).

Transplantation {#sec4.3}
---------------

Day-1 to -3 NSG neonates (express CD45.1) were used as recipients and were irradiated with 150 rad before transplantation. Donor cells (CD45.2) were injected into the facial vein. Blood was taken every month from the 4th week after transplantation and donor cell types were examined by flow cytometry (LSRII, Becton Dickinson).

Limiting Dilution Analysis {#sec4.4}
--------------------------

The frequencies of B-1 biased progenitors and multilineage repopulating cells were calculated by limiting dilution analysis. The recipient mice transplanted with CD41^dim^V^+^K^+^ cells were counted. The frequency of the progenitor was determined from 37% of the negative fraction according to Poisson distribution.

Modified Semisolid Clonal Culture and Single-Colony Flow-Cytometry Analysis {#sec4.5}
---------------------------------------------------------------------------

We optimized the semisolid culture system developed by Dorshkind\'s group ([@bib17]). Pre-HSCs were sorted and co-cultured with OP9 or AGM-ECs with 10 ng/mL interleukin-7 (IL-7) and Flt3-ligand. After 5 days of co-culture, lin^−^CD45^+^ cells were sorted from each co-culture, mixed with 1 × 10^5^ OP9 cells, and plated into 35-mm Petri dishes in Methocult M3630 in triplicate (containing IL-7, STEMCELL Technologies) with 10 ng/mL Flt3 ligand. Around days 8--11, the colony number per dish was counted. Each colony was picked up under the inverted microscope and then stained with antimouse AA4.1, CD19, B220, and CD11b, followed by flow-cytometric analysis on LSRII (Becton Dickinson).

Statistical Analysis {#sec4.6}
--------------------

The unpaired, two-tailed Student's t test was used for statistical analysis.

Single-Cell RNA-Sequencing Analysis {#sec4.7}
-----------------------------------

The single-cell data of IAHC and EHT cells were downloaded from GEO: [GSE112642](ncbi-geo:GSE112642){#intref0015} ([@bib2]). As described in the report by [@bib2], the data analysis was performed using RaceID3_StemID2 ([https://github.com/dgrun/RaceID3_StemID2](https://urldefense.proofpoint.com/v2/url?u=https-3A__github.com_dgrun_RaceID3-5FStemID2&d=DwMBaQ&c=6vgNTiRn9_pqCD9hKx9JgXN1VapJQ8JVoF8oWH1AgfQ&r=JIl-x7qID88zmYXdYBsBBQnoMSRQR9qvElK6So6MyLQ&m=9YEqqpZUItmQDgZ2JPcKYOsHBzDBdkMqlPFt28Ew0NM&s=k6S-Vyf_FB53JQ23paW6Hqq){#intref0020}). We employed k-medoids clustering of the correlation matrix with five clusters as inferred by the gap statistic. The expression cutoff for the identification of outlier genes was 10. The minimal number of outlier genes required to identify a cell as an outlier was 10. When a parameter was not specified, the default value was used. The significant differentially expressed genes of each cluster were identified (in which p values are calculated using negative binomial distribution and corrected for multiple testing by the Benjamini-Hochberg method).
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